Abstract: A high-resolution palaeoecological study of the shelly invertebrate macrofauna across two marine Triassic-Jurassic boundary sections in the UK (St. Audrie's Bay and Lavernock Point) is presented. Loss of taxonomic richness occurs in the upper Westbury Formation to lower Lilstock Formation (late Rhaetian), but if sample size is taken into account there is little convincing evidence of a catastrophic marine extinction. There is, however, good evidence for significant palaeoecological change in the benthic marine ecosystem at this time. The immediate post-event recovery interval in the upper Lilstock Formation is characterized by assemblages of low abundance, low diversity, high dominance and low evenness. Body-sizes of taxa that survived the event and originated afterwards were low until the later Hettangian. Recovery to higher abundance, higher diversity and higher evenness is recorded in the Psiloceras planorbis Zone. Recovery of the benthic ecosystem in the aftermath of the Late Triassic event was disrupted by marine anoxia and shows additional similarities to the (much slower) recovery that followed the Late Permian event. The pattern of body-size changes recorded in the shelly fossil record closely matches that of the trace fossil record. Shell thickness trends do not support a biocalcification crisis during the Late Triassic biotic event.
The Late Triassic witnessed one of the major extinction episodes of the Phanerozoic, with the loss of 23.4% of marine families and 21.7% of terrestrial families (Benton 1995; McGhee et al. 2004) . The timing of the Late Triassic event is, however, not well understood (Tanner et al. 2004) , largely as a result of the 'lack of a reliable and widely applicable biostratigraphic framework' (Hesselbo et al. 2007) . Scientific interest in the Late Triassic event continues to increase (Twitchett 2006 ) and many of the problems with global correlation should be resolved once a Global Stratotype Section and Point (GSSP) has been selected (Hesselbo et al. 2007) .
Regarding the extinction event itself, an additional key issue is the apparent lack of a marine extinction horizon in many sections, which has led some researchers to question the severity of diversity loss (e.g. Hallam 2002) . Partly this may be because global compilations of stratigraphic ranges binned at 1-6 Ma intervals are unable to resolve the timing and pattern of ancient events in a biologically meaningful way (Bambach 2006) . Certainly, an extinction horizon has been identified in the higherresolution terrestrial palynological record (Hounslow et al. 2004) . A recent global study using data from the Paleobiology Database did find evidence of a Rhaetian extinction peak, but the coarse resolution of the analysis did not allow for a precise determination of where within the Norian-Hettangian interval the biotic crisis occurred . Until GSSPs are ratified for the bases of the Carnian, Norian, Rhaetian and Hettangian stages, and the stratigraphic information within the Palaeobiology Database is revised where necessary, the resolution of such global studies will always be somewhat inadequate.
Apart from the stratigraphic problems, the lack of a welldefined marine extinction horizon could also be because the distribution of facies in the available rock record masks any true biological signals (see Smith et al. 2001) . Rapid facies changes within many Triassic-Jurassic sections worldwide (e.g. Hallam & Wignall 2000; Hesselbo et al. 2004 ) could result in biases in the apparent extinction and recovery patterns of both terrestrial and marine animals (Cuny 1995; Hallam 2002) . Also, recent analyses have shown that the rates of extinction may have varied in different environmental settings and were apparently highest among those taxa with a preference for carbonate substrates .
The cause(s) of extinction is also widely debated. Release of methane from gas hydrate associated with massive volcanism in the Central Atlantic Magmatic Province (Marzoli et al. 1999; Wignall 2001; Hesselbo et al. 2002 Hesselbo et al. , 2004 , bolide impact preceding (Bice et al. 1992; Olsen et al. 2002) and coinciding with the Triassic-Jurassic boundary (Simms 2003) or sea-level changes associated with volcanic plume activity (Hallam & Wignall 1999 ) have been considered. Release of volcanogenic CO 2 , as indicated by carbon isotope studies (McRoberts et al. 1997; Palfy et al. 2001; Ward et al. 2001; Hesselbo et al. 2002; Guex et al. 2003; Galli et al. 2005) , and consequent climate change is frequently cited as a link between Central Atlantic Magmatic Province volcanism and mass extinction. Enhanced atmospheric CO 2 may have caused undersaturation of carbonates within the Earth's oceans, culminating in a biocalcification crisis at the end of the Rhaetian stage that led to the selective extinction of aragonitic molluscs (Hautmann 2004 ). The role of extraterrestrial impact in triggering mass extinctions is debated (Hallam & Wignall 1997; Twitchett 2006) and is probably of limited significance at the Triassic-Jurassic boundary, not least because the largest obvious impact site, the Manicouagan crater, predates Late Triassic biotic turnover by at least 13 Ma (Hodych & Dunning 1992) .
Recent work has demonstrated that the magnitude of diversity loss and the palaeoecological severity of ancient extinction events may be decoupled (Droser et al. 2000; McGhee et al. 2004) . Events of similar magnitude may have different impacts on the ecological structure of the marine ecosystem: the Late Triassic event is ranked fourth in terms of diversity loss but third in terms of ecological effect on the global biosphere (McGhee et al. 2004) . Understanding the marine palaeoecology of the Triassic-Jurassic interval may shed light on not only the timing but also the cause of the Late Triassic extinction event. Existing data on the palaeoecology of the marine ecosystem during this period are, however, limited. Palaeoecological studies of the Triassic-Jurassic marine trace fossil record of the UK, Austria and Nevada have been undertaken (Twitchett & Barras 2004; Barras & Twitchett 2007) , and apparent global changes in ichnodiversity and the size and depth of bioturbation have been recorded. The most recent global analysis of marine shelly taxa through the Triassic-Jurassic interval concluded that perhaps ecological and taxonomic effects were not decoupled, at least amongst the bivalves, but noted that 'a finer resolution [study] is clearly needed to solve this issue' ). Herein we present one such study.
The aims of the present paper are: (1) to characterize the palaeoecology of the marine ecosystem during the TriassicJurassic extinction-recovery interval at two marine boundary sections in the UK: St. Audrie's Bay, SW England and Lavernock Point, south Wales; (2) to elucidate the magnitude, duration, timing, and potential causes of any palaeoecological changes recorded; (3) to consider the effects of facies bias on the quality of the Triassic-Jurassic fossil record.
Methods
Graphic logs of the boundary sections were produced from detailed field studies by the lead author (L.M.), and accurate correlation between localities was achieved using key stratal surfaces (see Hesselbo et al. 2004) . During sampling, an attempt was made to control for biases associated with sampling and facies distribution. Bulk samples were collected randomly, to reduce biases related to sample location, approximately every metre from each of the two main lithofacies encountered (carbonate and fine-grained siliciclastic) and located on the appropriate graphic log. Parity between samples was ensured by analysing 1.6 AE 0.1 kg of each rock sample (see Table 1 ). Samples from similar lithofacies were then subjected to identical analytical techniques: carbonate rocks to acetate-peel analyses; siliciclastic rocks to mechanical breakdown.
The invertebrate macrofauna of each sample was identified as far as possible and assessed in terms of abundance and mean organism size. For carbonate samples this was achieved by counting only those specimens preserved on the bedding plane surface, defined here as the maximum area of the upper surface of a 1.5-1.7 kg sample. For siliciclastic samples, this was achieved by breaking down each sample to 15 mm 2 portions, and counting all fossil specimens present. The palaeoecological indices of Margalef Diversity, dominance and evenness were calculated for each sample using the statistical program PAST (Hammer et al. 2001) . Shell thickness was measured for only those specimens preserved within the carbonate rock samples. One acetate-peel taken vertical to bedding was produced per carbonate sample. Each was analysed under a microscope and measurements of shell thickness were made digitally using Image Pro imaging software.
Body-size of individual bivalve fossils was determined as the square root of the shell height multiplied by the shell length; that is, the geometric body-size of Jablonski (1996) , where Height ¼ Umbo to commissure tip, in a straight line, and Length ¼ span of shell at right angles to height line. The height and length of incomplete shell material was measured and an estimate of original shell height and width was made and recorded separately. Separate records were kept of fossil material that was incomplete because of breakage and specimens that were partially obscured by sediment that could not be removed without damage.
A summary of all palaeoecological data can be found in Table 1 . More detailed data are available from the authors on request. Specimens pertaining to this study are housed in the collections of the Department of Earth Sciences, University of Bristol.
Geological setting
The Triassic-Jurassic boundary sections of SW England and south Wales have been subject to geological analyses for over 200 years (Richardson 1905 (Richardson , 1906 (Richardson , 1911 and are of international significance. The boundary beds studied here were deposited in a series of east-west-trending extensional basins (Fig. 1) . The basin depocentre was situated on the NW margin of Tethys and was bounded by outcrops of Palaeozoic basement rocks in the north and by the London-Brabant landmass in SE England (Swift & Martill 1999) . Norian depositional environments were lacustrine and commonly evaporitic, and were abruptly terminated by a marine transgression in the early Rhaetian (Hesselbo et al. 2004) . Marine conditions were sustained through much of the Rhaetian and, following a period of exposure, continued into the Hettangian.
Stratigraphy
The lithostratigraphic scheme used to correlate the studied sections follows that of Warrington et al. (1980) (Fig. 2) .
Blue Anchor Formation
Rydon Member. The Rydon Member is a heterogeneous unit characterized by grey, black and green mudstones with subordinate red-brown, dolomitic mudstones and dolomites. The presence of gypsum at several horizons indicates a locally evaporitic environment.
Williton Member. The Williton Member comprises a thin heterolith of mudstone and fine-grained sandstone (Hesselbo et al. 2004) . The base of this unit is irregular and erosive, and the uppermost surface of the underlying Rydon Member contains abundant Diplocraterion burrows, interpreted as a marine firmground by Mayall (1981) . The occurrence of marine fossils indicates that the Williton Member represents a marine transgression, which has been dated as earliest Rhaetian (Mayall 1981; Hesselbo et al. 2004) .
Westbury Formation
The Westbury Formation is also of Rhaetian age and comprises dark grey siliciclastic mudstones with subordinate interbedded calcareous sandstones, bioclastic packstones, wackestones and intraformational conglomerates (Macquaker 1999) . It is generally accepted that the sediments of the Westbury Formation were deposited in a storm-dominated, shallow epeiric sea (Warrington & Ivimey-Cook 1995) . The mudstones were deposited either in quiet offshore waters or in restricted lagoons subject to fluctuating salinity (see, e.g. Allison & Wright 2005; Barras & Twitchett 2007) . Calcareous sandstones represent barrier-bar deposits and bioclastic packstones represent winnowed shallow marine concentrations (Macquaker 1999) . The intraformational conglomerates and 'bone beds' have been variously interpreted as transgressive lag deposits, condensed horizons or storm-generated concentrations (Macquaker 1999) . Coarsening-up and fining-up successions on a stacked parasequence scale within the Westbury Formation suggest that the distribution of facies was controlled by fluctuations in relative sea level (see Hesselbo et al. 2004 ).
Lilstock Formation
Cotham Member. The Cotham Member comprises pale greengrey mudstone, fine-grained sandstone and limestone. Sedimentary structures such as lenticular bedding, cross-bedding and ripple marks are ubiquitous and indicate very shallow water and moderately high-energy conditions (Swift 1999) . Regional seismic activity associated with the opening of the Atlantic, or regional shock caused by extraterrestrial impact, resulted in widespread slumping, microfaulting and dewatering (Swift 1999;  (Orbell 1973; Hesselbo et al. 2002) .
Langport Member. The Langport Member is the uppermost unit of the Lilstock Formation and comprises a series of pale, hard, micritic limestones variously interpreted as representing a shelflagoon (Hallam 1960; Hounslow et al. 2004 ), a broad, shallow, relatively quiet seaway (Wignall 2001) , or a carbonate ramp formed following the drowning of the underlying Cotham Member (Hesselbo et al. 2004) . The Langport Member is of latest Rhaetian or earliest Hettangian age (George et al. 1969; Poole 1979 Poole , 1980 Poole , 1991 Hallam 1990 Hallam , 1995 .
Blue Lias Formation
The rocks of the Blue Lias Formation comprise rhythmic interbeds of laminated organic-rich shale, dark and pale mudstones, and limestone. The fauna of the lower Blue Lias Formation is marine, but the lowest few metres lack ammonites and have been named the 'Pre-Planorbis Beds'. Carbonate-rich lithologies generally reflect well-oxygenated conditions whereas organic-rich lithologies generally reflect oxygen depletion (Hallam 1960; Weedon 1985) . Water depths of at least a few tens of metres, sufficient to prevent wave-mixing of bottom waters, have been inferred (Wignall 2001) . The 'Pre-Planorbis Beds' are of latest Rhaetian or early Hettangian age (Warrington et al. 1994) . 
Local Triassic-Jurassic boundary definition
The ages of the Lilstock Formation and lower Blue Lias Formation rocks are debated because the base of the Hettangian Stage at present lacks a GSSP (see Hesselbo et al. (2004) for a recent review of the debate). For the sections studied herein, the alternative positions of the Triassic-Jurassic boundary are: (1) the base of the Psiloceras planorbis Zone (e.g. Warrington et al. 1994) ; (2) the base of the Blue Lias Formation (e.g. Hallam 1990 Hallam , 1995 ; (3) the base of the Langport Member (Poole 1979 (Poole , 1980 (Poole , 1991 ; (4) in the Cotham Member between the Rhaetipollis and Heliosporites miospore zones (Orbell 1973 ) associated with a negative shift in carbon isotopes (Hesselbo et al. 2002) .
Results

Stratigraphic ranges
The patterns of faunal change through the Triassic-Jurassic interval are similar at both St. Audrie's Bay and Lavernock Point (Figs 3 and 4) . There is a gradual increase in taxonomic richness through the Westbury Formation, reaching a peak in the uppermost metre. Per sample richness is lower in the overlying Lilstock and Blue Lias formations. Although taxa disappear throughout the succession, there is an apparent peak in the number of disappearances in the upper metre of the Westbury Formation and the lower metre of the Lilstock Formation, although at Lavernock this is exaggerated somewhat by the singleton occurrences in the uppermost Westbury Formation sample (Fig. 4) . At St. Audrie's Bay, a total of 20 species in 15 genera were recorded in the upper Westbury Formation (above 7.7 m). Of these taxa, nine species and five genera disappear by the top of the Westbury Formation, with a further three species and three genera disappearing in the lower Cotham Member. At Lavernock, 20 species in 17 genera were recorded in the upper half of the Westbury Formation. Of these, 15 species and 14 genera disappear by the top of the Westbury Formation, although the pattern is distorted as 10 of these species (nine genera) were recorded only from a single bed. If the two datasets are combined, 12 out of 23 species (52%) and eight out of 18 genera (44%) disappeared in the uppermost Westbury Formation. This is the only horizon where a significant proportion of the marine macrofauna disappears. Patterns of disappearances in local studies may reflect facies change, and/or local range contraction or emigration rather than true biological extinction. To account for this problem, the ranges of taxa known to have undergone global or regional extinction have been extended using the literature (e.g. Hallam 1960; Waters & Lawrence 1987; Swift & Martill 1999; Hodges 2000) and the Paleobiology Database. These range extensions highlight a cluster of global and regional last appearance data in the uppermost Westbury Formation and Lilstock Formation (Figs 3 and 4) .
Abundance
Abundance trends between the two sections are similar (Figs 3  and 4) . Within the carbonate lithofacies there is little difference in abundances through the section. Within the siliciclastic samples, fossil abundance in Westbury Formation samples ranges up to 109 specimens per sample, whereas maximum abundance in samples from the overlying Lilstock and Blue Lias formations is just 30 specimens per sample. If the single high-abundance sample at Lavernock is removed, however, there is little difference in abundance through the section. Peak abundance within the Westbury Formation coincides with peak taxonomic richness in both sections. Following this peak in abundance, there is a dramatic decline in abundance, and the samples from the upper Cotham Member at both sections yielded no fauna at all. This major decline in abundance occurs at approximately the same level that a significant proportion of taxa disappear (i.e. between the uppermost Westbury Formation and lowermost Lilstock Formation; see above). A period of sustained low abundance is then recorded from the middle Langport Member to the middle Psiloceras planorbis Subzone.
Diversity, dominance, evenness, size and shell thickness
The patterns of palaeoecological change recorded in the parameters assessed herein are broadly similar between the two sections and between the two broad lithofacies that were studied (Figs 5 and 6 ). Results and trends were similar when analyses were repeated at familial, generic and specific levels, although only the generic-level results are shown here.
Margalef Diversity. At St. Audrie's Bay (Fig. 5) , there is a steady rise in diversity through the Westbury Formation, in both lithofacies, that parallels the abundance and taxonomic richness data (Fig. 3) . However, the peak Margalef Diversity in the uppermost Westbury Formation is not very much greater than peaks reached in the overlying beds. Diversity fluctuates within the succeeding Blue Lias Formation. At Lavernock (Fig. 6) , there is little change in diversity recorded in samples of carbonate lithofacies. In the siliciclastic samples, there is a trend of increasing diversity through the Westbury Formation, followed by dramatic decline, which parallels the abundance and richness data (Fig. 4) . In both sections, maximum diversity is recorded at the top of the Westbury Formation and samples with the lowest diversity derive from the upper Cotham member to lower 'PrePlanorbis Beds'. Dominance and evenness. Dominance and evenness fluctuate throughout the Westbury Formation and low dominance (high evenness) values are recorded at the top of this unit (Figs 5 and 6). There then follows a sharp, dramatic, and short-lived change: assemblages from the middle Langport Member to the middle 'Pre-Planorbis Beds' are characterized by high dominance (low evenness). From the middle 'Pre-Planorbis Beds' assemblages return to relatively low dominance (high evenness) with smallerscale fluctuations through the upper 'Pre-Planorbis Beds' and into the Alsatites liasicus Zone.
At St. Audrie's Bay the bivalve Oxytoma is responsible for high dominance in the upper Langport Member, and the bivalves Liostrea and Modiolus are dominant in the lower Lias Group. At Lavernock Point Liostrea is responsible for high dominance in the lower Lias Group.
Size. Body-size among bivalves fluctuates throughout most of the Westbury Formation. A sharp reduction affecting surviving and newly originating taxa occurs in the middle Langport Member. At St. Audrie's Bay, suppressed body-size persists until the A. liasicus Zone, where an increase is recorded by holdover taxa (Fig. 5) . At Lavernock Point, large body-size is recorded by newly originating taxa in a single limestone sample from the P. planorbis Zone at 14.65 m (Fig. 6) . A brief body-size increase among holdover taxa occurs in limestone samples from 17 m at St. Audrie's Bay, and from 11.25 m at Lavernock Point (see Figs 5 and 6, respectively). 
Discussion
Evidence for a catastrophic marine extinction?
The stratigraphic range charts from St. Audrie's Bay and Lavernock Point (Figs 3 and 4) show the shape of the Late Triassic crisis at two sections in SW UK. A significant and fairly abrupt faunal extirpation apparently occurs near the top of the Westbury Formation, although at Lavernock this is accentuated by a large number of taxa that appear in just one, preceding sample. This loss of taxonomic richness is accompanied by a reduction in abundance and fossil taxa are rarer in the overlying strata. Does this represent a catastrophic extinction event?
The Margalef Diversity index takes into account fluctuations in sample size (numbers of individuals). At St. Audrie's Bay, although the Margalef Diversity does decline from the uppermost Westbury Formation through the lower Lilstock Formation, the rate of change appears no more catastrophic than the other fluctuations in diversity recorded through the succession (Fig. 5) . Thus, once fluctuating numbers of specimens are taken into account the local diversity loss appears less dramatic. Indeed, several taxa range into the lower Cotham Member, which appears to be more closely At Lavernock, however, the change in diversity from the upper Westbury Formation to upper Cotham Member does appear catastrophic in the context of other fluctuations within the section, although this is not apparent in the carbonate samples (Fig. 6) . Even when the anomalously high abundances recorded in the uppermost Westbury Formation sample are taken into account, the diversity decline appears to be a real phenomenon.
The rocks of the uppermost Westbury Formation and lowermost Lilstock Formation appear to record an extinction event (biotic crisis) in the shelly marine taxa. Facies change across the formational boundary may play a role, although the very low levels of biodiversity in the uppermost Cotham Member and overlying beds appear real.
Timing of the biotic crisis?
The disappearance of shelly macroinvertebrate taxa and the ecological changes described herein occurred in the stratigraphic interval spanning the upper Westbury Formation and lower Lilstock Formation. Regardless of which of the previously proposed definitions of the Triassic-Jurassic boundary is accepted, this biotic event is dated as latest Rhaetian in age (Hesselbo et al. 2004 ; see discussion above). It apparently began just prior to the onset of the negative carbon isotope excursion and the palynological changes (see Hesselbo et al. 2004) , although this needs to be confirmed by more detailed study and statistical analysis of taxon ranges. These data support the recent study of Kiessling et al. (2007) , which also demonstrated a significant Rhaetian peak in global-level extinction rates.
A post-extinction 'Dead Zone'?
The beds of the upper Cotham Member and lower Langport Member, immediately following the interval of major taxon loss, are virtually devoid of fossil specimens. Below these beds (the lower Cotham Member and Westbury Formation) fossil assemblages are characterized by low dominance, high evenness and fluctuating but commonly high abundance and diversity, and large body-size. Above these beds (from the upper Langport Member to the lower Blue Lias Formation), assemblages are characterized by high dominance (low evenness), low abundance, low diversity and small body-size (Figs 3-6 ). These ecological differences are consistent with the presence of a real extinction event. The depauperate rocks may therefore represent a 'Dead Zone' (sensu Harries & Kauffman 1990) , typical of the immediate aftermath of most extinction events (e.g. Looy et al. 2001) .
The rocks of this depauperate 'Dead Zone' are interpreted as an early transgressive systems tract above the sequence boundary in the Lilstock Formation (12.5 m at St. Audrie's Bay; 7.95 m at Lavernock Point). The base of this transgression coincides with the extinction event recorded in the terrestrial palynoflora and the initial onset of a negative carbon isotope excursion recorded in the sedimentary organic matter (Hesselbo et al. 2004) . The coincidence of ecological upheaval, loss of marine taxa, a negative carbon isotope excursion, palynofloral change and transgression is a common local signature of many global extinction events, such as the Late Permian event (e.g. Twitchett et al. 2001) .
Patterns of recovery and comparative palaeoecology
The upper Langport Member and overlying Lias Group sedimentary rocks provide a record of the recovery interval following the Late Triassic extinction crisis. Fossil assemblages from the upper Langport Member and 'Pre-Planorbis Beds' are characterized by high dominance (low evenness), low abundance and low diversity (Figs 3-7) . Body-sizes in surviving taxa and those that originate afterwards are reduced from the middle Langport Member. With the exception of low abundance, this suite of attributes is typical of marine assemblages in the aftermath of extinction events according to Urbanek (1993) , who coined the term 'PostExtinction Syndrome' to describe assemblages of low diversity, small body-size and high abundance that are found in the aftermath of extinction events in the Silurian. This 'syndrome' may be applicable to assemblages after most Phanerozoic events at all scales. For example, almost all shallow marine assemblages in the immediate aftermath of the Late Permian event are characterized by high dominance, low diversity and small-sized animals (e.g. Schubert & Bottjer 1995; Wheeley & Twitchett 2005) . The assemblages from the Triassic-Jurassic successions documented herein differ only in also having low abundance. Size decrease is also recorded in bivalves in the aftermath of the end-Cretaceous event .
Recently, Twitchett (2006) proposed a model to describe the ecological recovery of the benthic marine ecosystem in the wake of a major extinction event, using parameters such as dominance and size, as well as trace fossils and tiering, based on recovery after the end-Permian event. Recovery Stage 1 (sensu Twitchett 2006) is characterized by assemblages of low diversity, high dominance (low evenness), low levels of epifaunal and infaunal tiering, and small size. This description is applicable to the assemblages of the Langport Member, especially at St. Audrie's Bay (Fig. 5) , and most of the 'Pre-Planorbis Beds' at both locations (Figs 5 and 6 ).
Tiering is a major component of the recovery model of Twitchett (2006) , and an increase in infaunal tiering, in particular, is used to mark the onset of Recovery Stage 2. The first clear indicator of increased infaunal tiering in the St. Audrie's Bay section is the appearance of Arenicolites in the upper 'PrePlanorbis Beds' (Barras & Twitchett 2007 ). This is accompanied by an increase in the diversity and evenness of the shelly assemblages, although size (at least among the holdover taxa) shows little change (Fig. 5) .
The reappearance of higher tier epifaunal organisms marks the onset of Recovery Stage 3. No evidence of these higher tier taxa was found in this study. This may reflect sampling failure, as crinoids, for example, have been recovered from the Blue Lias Formation at St. Audrie's Bay in previous studies (Warrington & Ivimey-Cook 1990) . Recovery Stage 4 marks the return to 'normal' background conditions (Twitchett 2006) and from trace fossil evidence apparently occurs within the angulata Zone, higher in the successions and unsampled in this present study (Twitchett & Barras 2004 ).
Body-size trends Urbanek (1993) coined the phrase 'the Lilliput effect' to describe the temporary appearance of a subnormal (dwarfed or stunted) phenotype in surviving taxa in the immediate aftermath of an extinction event. The body-size trends recorded in this study document the 'Lilliput effect' in the shelly marine fauna in the recovery interval of the Late Triassic biotic crisis in SW Britain, and affected both surviving taxa and new arrivals. There appears to be a slight lag between the event, the change to high dominance assemblages and the appearance of small size. With the exception of a brief peak in post-event body-size, caused by an influx of Liostrea, body-sizes of both survivors and newly originating shelly taxa remain low for most the studied interval. Body-size among the soft-bodied benthos remained low until the angulata Zone in the upper Hettangian (Twitchett & Barras 2004; Barras & Twitchett 2007) .
Possible controls on biotic turnover and palaeoecological change
It has been suggested that the Late Triassic biotic crisis was coincident with a rise in the flux of volcanigenic carbon dioxide to the atmosphere, which led to temporary acidification of the surface ocean and the undersaturation of seawater with respect to aragonite and calcite (Hautmann 2004) . This inferred change in ocean chemistry may have led to a biocalcification crisis that has been implicated as one driver of biotic turnover across the Triassic-Jurassic boundary (Hautmann 2004; Galli et al. 2005) . Such a biocalcification crisis might be expected to be expressed by a reduction in shell thickness in surviving organisms as they struggled to calcify in suboptimal conditions. Data collected from St. Audrie's Bay and Lavernock Point, however, show no evidence of reduced shell thicknesses anywhere within the studied interval. The only significant change in shell thickness is a temporary twofold increase in shell thickness in the 'PrePlanorbis Beds' accompanying a bloom in Liostrea (Figs 5 and 6; Hodges 2000) . These data do not support the biocalcification crisis hypothesis. A recent analysis of a global database of benthic marine taxa through the Triassic-Jurassic interval also found no evidence in support of the biocalcification hypothesis, as no selectivity with respect to skeletal mineralogy was found (Kiessling et al. 2007, p. 219) .
Oceanic anoxia may have played a role during and after many ancient extinction events (e.g. Bambach 2006; Twitchett 2006 , and references therein). Evidence for oxygen-depleted conditions in the shales of the lower 'Pre-Planorbis Beds', followed by a gradual improvement in oxygenation through the Blue Lias Formation, has been documented by Wignall (2001) . There is a well-known link between small body-size and low oxygen concentrations (e.g. Rhoads & Morse 1971) and the patterns of body-size change in the Blue Lias Formation described herein and in previously published studies of the shelly macrofauna (Hallam 1975 ) and the trace fossil record (Twitchett & Barras 2004; Barras & Twitchett 2007 ) may be a response to the gradual return to normal oxygen-rich conditions. Certainly the onset of small body-size in the lower Blue Lias corresponds well to the appearance of oxygen-restricted facies (see Wignall 2001) . However, our study found no evidence that anoxia had a direct role in the extinction event, as there is no sudden switch to anoxic conditions at the level of the ecological collapse.
A similar situation is recorded during the Permian-Triassic extinction-recovery interval: there is good evidence that marine anoxia is one factor that controls the rate of ecological recovery , although the evidence that anoxia had a direct role to play in the extinctions is equivocal (e.g. Kozur 2007 ). The post-extinction recovery stages of Twitchett (2006) , described above, may partly reflect the influence of anoxic bottom waters on the benthic fauna; for example, low levels of epifaunal and infaunal tiering (Recovery Stage 1) are typically associated with the most oxygen-restricted biofacies (e.g. Savrda & Bottjer 1991) .
Another parameter that has been inferred in many extinction episodes is primary productivity collapse. Because food supply is a key control on body-size, a temporary loss of productivity could provide an additional explanation for the low abundance and small body-size observed in the 'Pre-Planorbis Beds' and lower-middle P. planorbis Subzone (see Twitchett 2001; Aberhan et al. 2007) . Evidence for productivity collapse is, however, limited. The negative excursion in carbon isotopes (Hesselbo et al. 2004 ) may have been partly caused by productivity collapse, but other plausible interpretations of the carbon-isotope record exist. Post-crisis size changes have also been interpreted in terms of changes in life strategy (Hallam 1975) , whereby selective extinction of large K-selected organisms during the crisis would lead to an abundance of smaller r-selected organisms in the immediate aftermath (Twitchett 2006) .
Bias in the Triassic-Jurassic fossil record
The biological interpretations made thus far must be balanced by consideration of potential facies and palaeoenvironmental biases. It appears that lithofacies bias is relatively unimportant in the sections studied. Trends in diversity, dominance and evenness follow the same patterns in limestones as they do in siliciclastic rocks (Figs 5 and 6 ). This indicates that interpretations based on datasets derived exclusively from siliciclastic rocks (for example) will be as robust as those that contain both limestones and siliciclastic rocks. Further, because each sample was collected randomly and standardized to a fixed weight, assuming rates of deposition were constant or at least similar, comparisons between samples are valid and record real biological signals.
A more serious bias concerns palaeoenvironments. The same lithofacies sampled on either side of the apparent extinction event could have been deposited in differing environments, and there is no guarantee that the same range of palaeoenvironments was sampled on either side of the event (see Twitchett 2006) . There are no laminated black shales within the Westbury Formation, for example, and thus there is no way of assessing the palaeoecology of the pre-crisis communities preserved in the environment represented by this facies. Despite the caveats on our biological interpretations of extinction caused by non-even sampling of facies or environments across the Triassic-Jurassic boundary, the palaeoecological changes recorded within the Blue Lias Formation (the post-extinction recovery) are less affected, as similar facies were sampled throughout. Finally, although the sampling strategy was adequate to address the questions of Triassic-Jurassic palaeoecological change on the metre scale, it may not have been of sufficient intensity to locate all fossil taxa and reveal their full stratigraphic ranges. An even higher resolution study would be needed to pick up changes that might be present at, for example, the decimetre scale. As was the case with a recent analysis of European bivalves (Hallam 2002) , we consider our study to be a robust, first-order representation of real biological trends as recorded by the commoner taxa.
Conclusions and summary
This study represents the first detailed palaeoecological study of the shelly fossil assemblages through the Triassic-Jurassic interval of the UK. The following key conclusions are drawn.
(1) A real biotic crisis in the marine ecosystem occurred in the short stratigraphic interval spanning the uppermost Westbury Formation and lower Lilstock Formation (i.e. latest Rhaetian). This supports the recent data of Kiessling et al. (2007) that show a significant bioevent in the Rhaetian.
(2) Fossil assemblages in the upper Westbury Formation are characterized by high abundance, high diversity and low dominance (high evenness), which is typical of pre-event, normal marine communities.
(3) Fossil assemblages of the upper Lilstock Formation and lower Blue Lias Formation ('Pre-Planorbis Beds') are characterized by low diversity, low abundance, high dominance (low evenness) and small body-size. This suite of characters is typical of assemblages in the initial stages of recovery following an extinction event. The preceding upper Cotham Member and lower Langport Member beds are almost devoid of benthic shelly macroinvertebrates, and may be interpreted as representing the immediate post-extinction 'Dead Zone'.
(4) The upper Langport Member and lower Blue Lias Formation record a post-event recovery interval in the benthic fauna. There are similarities in the patterns of palaeoecological recovery in the earliest Jurassic and the Early Triassic, although the absolute timing was different in the two events. Integration of data presented herein with previously published data on the trace fossil record suggests that final recovery was reached by the angulata Zone of the Hettangian. Bottom water oxygenation seems to be a plausible explanation for the observed changes in body-size, and possibly tiering, through the early recovery interval, although changes in other factors such as food supply and productivity cannot be ruled out.
(5) Body-size of bivalves apparently returned to pre-event levels within the Hettangian, although most communities had already returned to low dominance-high evenness by this level. Other published studies have shown that body-size continued to increase through the Hettangian and beyond.
(6) Trends in shell thickness do not support a biocalcification crisis during the Late Triassic biotic turnover. With the exception of a brief, temporary increase in the middle-upper 'Pre-Planorbis Beds' (associated with a bloom of Liostrea) no changes in shell thickness are recorded.
(7) Although the disappearance of taxa in the upper Westbury Formation to lower Lilstock Formation transition coincided with dramatic palaeoecological changes, the significant post-event palaeoecological changes occurred with little change in taxonomic richness. This supports the arguments of McGhee et al. (2004) that ecological changes during extinction events may be decoupled from diversity trends. This paper is based on L.M.'s MSc in Palaeobiology thesis, and he thanks the Bob Savage Memorial Fund for support. M. Hautmann is thanked for scientific discussions and his assistance with Triassic bivalve taxonomy. R. Schouten is thanked for his assistance with the limestone samples and acetate peels. We are grateful to M. Aberhan, J. Marshall and an anonymous reviewer for their constructive and insightful comments.
